Triton X-100 treatment or freeze-thawing damages the Bacterial sporulation has been described as a modified or atypical cell division. This process involves an orderly sequence of seven clearly defined morphological stages (5) . Stage II in this sequence is characterized by the formation of the forespore septum, which together with a portion of the terminal cell membrane forms the inner forespore membrane (IFSM) (21) . During septation (stage II) and presumably during envelopment (stage III) the IFSM is believed to contain the enzymes required for synthesis of germ cell wall peptidoglycan. Stage IV of the sporulation process includes the biosynthesis of a mucopeptide polymer called the spore cortex. This polymer is believed to be synthesized by the outer forespore membrane (OFSM) (21) . Penicillins and other antibiotics which inhibit cell division by interfering with functional peptidoglycan synthesis can prevent spore septum formation (4, 10) or cortex biosynthesis (15) if added to a sporulating culture during the appropriate time intervals. The binding of radioactive benzylpenicillin to sporulating bacilli has been examined and compared to that of Staphylococcus aureus (a nonsporulating organism) during the stationary phase of growth (11) . Sporulating bacilli exhibited two intervals of enhanced binding capacity during their post-logarithmic phase of growth, whereas the specific binding capacity of S. aureus cells remained constant over a comparable time interval and was essentially the same as that of vegetative S. aureus cells.
The fluctuations in specific binding capacity of sporulating cultures, in contrast with the 38 constant binding activity of nonsporulating organisms during post-logarithmic growth, agrees with other observations (2, 3, 4, 15, (21) (22) (23) which suggest that functional peptidoglycan biosynthesis is required during two distinct phases of sporulation (septation or primodial cell wall synthesis and cortex formation). The binding patterns of a series of genetically mapped asporogenous mutants of Bacillus subtilis supports this hypothesis (17) .
The precise chemical specificity of the interaction of penicillins with intact vegetative or sporulating bacterial cells has not been examined in detail. Whereas it might be expected to resemble that of membrane fragments (12, 13) which possess D-alanine carboxypeptidase and glycopeptide transpeptidase activities (7), experimental verification with intact cells is lacking. Another aspect of the penicillin-binding properties of vegetative, and especially sporulating bacteria, which has been inadequately studied is the accessibility of all of the membranous penicillin-binding components to the antibiotic. This question assumes particular significance in sporulating cells since, in addition to the outermost vegetative membrane, they contain two additional membranes, the IFSM and OFSM, both apparently capable of peptidoglycan synthesis (4, 15, 21 10 ,000 x g, and the supematants were assayed for protein content by the method of Lowry et al. (14) . Corrections were made for the effect of the small amounts of Triton X-100 on the protein assay. Alternatively, freezethawed cells (see Table 1 ) were centrifuged as described above, and the supernatants were assayed for protein content.
Vegetative particulate enzyme preparation. B. SLubtilis cells were grown midway into logarithmic growth phase and harvested as described previously (11) . The cells were then treated with lysozyme (0.5 mg/ml) in a buffer containing 0.30 M sucrose, tris(hydroxymethyl)aminomethane (0.01 M), succinic acid (0.004 M), and magnesium acetate (0.01 M), adjusted to pH 7.2. The suspension was incubated for 60 min at 30 C, at which point 95% protoplast formation was observed. The digest was centrifuged at 45,000 rpm in a no. 65 rotor in a Beckman model L ultracentrifuge for 2 h. The particulate fraction was resuspended in the TSM buffer described (11) and recentrifuged at 45,000 rpm for 1 h. The membrane particulate fraction was diluted appropriately for assay.
RESULTS
Accessibility of penicillin-binding proteins to benzylpenicillin. To determine if detergent treatment of sporulating B. subtilis cells could expose inaccessible penicillin-binding sites not detected in routine binding assays, sporulating B. subtilis cells were grown to the onset of refractile body formation, harvested, treated with Triton X-100 for 30 min at 4 C, and exposed to [14C ]benzylpenicillin (see above). At a Triton X-100 concentration of 3%, a 40% increase in the specific antibiotic binding capacity of the detergent-treated sporulating cells was observed (Table 1) . Maximum binding enhancement occurred at a 1.0% detergent concentration; no further change in the level of penicillin binding occurred at detergent concentrations between 1 and 5% (data not presented). Detergent treatment of vegetative cells or their membrane particulate fractions had no effect on their specific penicillin-binding capacity (Table   1 ).
Since the action of Triton X-100 on bacterial cells is presumably chemical in nature, cells were damaged by freezing to determine if a physical perturbation could produce a binding enhancement similar to that observed with a nonionic detergent. Freezing sporulating cells produced an enhancement in their penicillinbinding capacity nearly identical to that observed with detergent-treated cells (Table 1) . However, combining Triton X-100 treatment with freezing produced no greater binding enhancement than either treatment alone (Table  1) . Collectively, these data suggest that both Table 1) . The leakage of protein from Triton X-100-treated sporulating or vegetative cells supports this hypothesis (Fig. 1) . Sporulating cells were incubated with Triton X-100 for 30 min at 4 C. Cells incubated with buffer alone served as controls. The amount of protein released from the cells was then determined (see above). At a 3% detergent concentration, an eightfold increase in the amount of protein released was observed compared to that from untreated control cells. Freezing alone produced a fivefold increase in the amount of protein leakage from sporulating cells. (12) . Asporogenous mutants blocked prior to the formation of the forespore septum exhibited neither interval of enhanced specific binding capacity (17) .
Specificity of the penicillin-binding reaction. Sporulating cells were treated with Triton X-100 as previously described and incubated with various unlabeled semisynthetic penicillins for 15 min at 4 C. The specific ["4C]benzylpenicillin-binding capacity of these cells was then determined (Table 3) . In all cases, the semisynthetic penicillin prevented binding of the [4C ]benzylpenicillin to the detergenttreated sporulating cells.
The role of conformation, the f,-lactam ring, and the phenacetyl side chain on the penicillin-binding reaction. To test the effect of conformation of the f3-lactam ring on binding, a stereoisomer of benzylpenicillin, epi-penicillin G, was utilized. This molecule differs from benzylpenicillin only in having the hydrogen atoms of the ,B-lactam ring in trans rather than in the cis configuration (8) . Previous studies with epi-penicillin G suggested that penicillin binding to vegetative membrane preparations was specific for benzylpenicillin; epi-penicillin G did not compete with the radioactive antibiotic (1). Detergent-treated sporulating cells which were preincubated with a similar epipenicillin G-benzylpenicillin ratio (140-fold molar excess of epi-penicillin G) bound 52% of the radioactive antibiotic which was bound by a control sample not exposed to epi-penicillin G. In identical experiments utilizing sporulating cells without detergent treatment, 49% of the control penicillin binding was observed. Similar results were obtained when vegetative cells were preincubated with epi-penicillin (data not shown). These data suggest that (under the experimental procedures employed) one or more of the penicillin-binding proteins is not specific for the cis configuration of benzylpenicillin (see below).
To examine the role of the ,B-lactam ring in the observed binding, Triton X-100-treated sporulating cells were pretreated with either unlabeled penicilloic acid or penilloic acid and were subsequently exposed to radioactive benzylpenicillin (Table 4) . The 
DISCUSSION
The results presented in this study indicate that treatment of intact sporulating bacilli wit1. Triton X-100 produces a 40% enhancement of their specific penicillin-binding capacity compared with nontreated sporulating cells. The fact that this effect is not observed in vegetative cells or with their particulate fractions suggests that complete access of penicillin to the penicillin-binding proteins of sporulating cells is restricted in a manner not observed in vegetative cells. One feasible location for these target proteins would include the IFSM and the OFSM. Both membranes appear capable of peptidoglycan synthesis (4, 15) , and no penicillin-binding enhancement is observed in a detergent-treated asporogenous mutant (SpoOa 12A) blocked prior to forespore septation.
The detergent action on sporulating cells could result from damage to the outermost cellular membrane, allowing increased accessibility of penic5illin to the penicillin target proteins in the IFSM and OFSM. A second possibility is that Triton X-100 exerts its action specifically on the penicillin-binding proteins.
The former possibility appears more probable, since freezing the cells, a physical perturbation, produces the same penicillin-binding enhancement as does the chemical action of Triton X-100.
The observed protein leakage from detergenttreated or frozen cells supports the hypothesis that membrane damage occurs. If large-molecular-weight proteins can permeate the damaged membrane, presumably the same is true for a small molecule such as benzylpenicillin. Since the earlier studies of the binding of [IC ] benzylpenicillin to sporulating cells employed frozen cells (11, 17) , the specific binding capacities observed were the maximum obtainable with detergent treatment.
Recent evidence by Storm et al. (20) has suggested that only 50% of the D-alanine carboxypeptidase from vegetative B. subtilis cells is located on the outer surface of the bacterial membrane. The present data show that Triton X-100 sufficiently damages vegetative cell membranes to permit protein leakage from the cell, but that detergent-treated vegetative cells have the same specific penicillin-binding capacity as untreated vegetative cells. These findings suggest that all of the penicillin-binding proteins in vegetative cells are accessible to benzylpenicillin.
The chemical specificity of the additional penicillin-binding proteins observed in detergent-treated cells is consistent with previous results obtained for both vegetative and sporulating bacterial systems (11) (12) (13) . The enhanced penicillin-binding observed in this work appears to have general specificity for a broad range of semisynthetic penicillins: all of the ,B-lactam antibiotics tested compete with [4C ]benzylpenicillin for the penicillin target sites. Conversely, benzylpenicilloic and benzylpenilloic acids do not prevent binding of the radioactive antibiotic, indicating a requirement for the intact ,B-lactam ring. In addition, the competition experiments with phenacetylglycine indicate that the penicillin side chain alone is not sufficient to prevent binding of the antibiotic to the target sites of vegetative or sporulating cells. Furthermore, it appears that the conformational specificity of the ,3-lactam ring may not be critical in the binding of benzylpenicillin to at least some of the cell receptors. The available evidence does not indicate whether epi-penicillin G binds covalently to the penicillin target proteins or, altematively, whether epi-penicillin G possesses sufficient affinity for the active site(s) to act as an affinity-type competitive inhibitor of benzylpenicillin binding. If the epipenicillin G, in fact, binds covalently to some of the target sites, the data would then suggest that the configuration of the two hydrogens about the carbons of the ,8-lactam ring is relatively unimportant as far as these proteins are concerned.
Past studies have clearly shown that thiol reagents prevent the binding of ["C]benzylpenicillirr to vegetative cell membrane fragments (10) , but the present studies indicate that these reagents have no effect on intact vegetative or sporulating cells. Nonetheless, these reagents significantly prevented binding of the antibiotic to detergent-treated sporulating cells while exerting no effect on binding to their detergent-treated vegetative counterparts. The reasons for this distinction remain unclear.
Since penicillin can prevent various stages of bacterial sporulation if added to a sporulating culture at the appropriate intervals (3, 4, 15; T. E. Hamilton and P. J. Lawrence, manuscript in preparation), a question arises as to whether the inhibiting effects involve penicilloylation of the inaccessible target proteins of sporulating cells. Although these target proteins are not accessible to penicillin in the 15-min incubation at 4 C described in these studies, the antibiotic apparently gains access to the cell under physiological growth conditions. In summary, Triton X-100 damages sporulating cells so that penicillin gains access to penicillin-binding sites which are inaccessible in routine penicillin assays of sporulating cells. Secondly, it appears that the additional binding observed in detergent-treated sporulating cells exhibits the same structural specificity as its vegetative counterparts. The judicious use of Triton X-100 or other membrane-damaging agents may therefore be useful in dissecting the biochemical events related to peptidoglycan biosynthesis in bacterial sporulation.
